Abstract-Semiconductor quantum-well (QW) lasers at 980 nm exhibit unique spontaneous emission spectra with a periodic envelope of approximately 23-nm wavelength. This phenomenon has been observed in both front facet and side spontaneous emission. The modulation is modeled in terms of coupling between the laser waveguide and the substrate waveguide which is transparent to 980-nm light. Modal gain spectra of the entire waveguide structure including substrate are calculated numerically by a transfer matrix method. The gain spectra in the active stripe and loss spectra in the unpumped QW exhibit modulation. This results in modulation of the emission spectra. An analytical approach based on coupled mode equations is developed to explain and clarify the results of the numerical modeling. The interesting case of a coupling length that is small by comparison with the gain/loss length is examined in detail. Front facet and side spontaneous emission spectra calculated using the modal gain spectra are in good agreement with the measured spectra. The results presented make it possible to interpret the unique modal characteristics of 980-nm lasers quantitatively and relate them to the physical structural parameters.
I. INTRODUCTION
H IGH-POWER single-mode semiconductor lasers emitting in the 980-nm region attract much attention as a source for pumping of Er-doped optical fiber amplifiers (see, for example, [1] , [2] and references therein). The high-power and high-efficiency requirements for laser diodes of this type are being met with much research effort. A shift in attention to the spectral behavior of these devices is expected as a result of the need to reduce mode hopping and improve spectrum stability with both current and temperature changes. In recent experiments, we observed that the spectral characteristics of 980-nm Fabry-Perot lasers show some unique and interesting features in front facet emission below and near lasing threshold, and in the side spontaneous emission for all operating conditions.
One prominent feature is a periodic spectral modulation. Intrigued by the observation of nearly periodic mode hopping in the lasing wavelength, we examined the spectral details of the front facet emission and found periodic modulation superimposed upon the longitudinal cavity's Fabry-Perot oscillations. This observation led us to the investigation of side spontaneous emission which exhibited similar spectral modulation. Furthermore, we found that the period and location of the modulation were invariant to changes in temperature and current. The modulation suggests an additional feedback mechanism at play, and the prospect of controlled mode discrimination if it can be understood and modeled, and thereby engineered. Analysis was done to determine whether the modulation was intrinsic to these lasers and to quantify the feedback mechanism that produces it.
Spectral modulation in the spontaneous emission of a laser has been observed previously. In [3] , the authors suggested two possible explanations for the phenomenon: recombination of electrons and holes from different quantized levels and a resonant self-effect of Fabry-Perot cavity modes field via the volume of laser crystal. They confirm the latter model experimentally. Having considered a few different types of closed volume trajectories, they estimated possible modulation periods using geometrical consideration only. The trajectory lying directly under stripe was proven to result in modulation period close to the one observed. It agrees with the emission of light from the substrate under the active stripe.
In [4] , an analytical approach was developed to explain the modulation. The authors calculated perturbations to the laser gain spectrum caused by light penetration into the substrate and its reflection from the bottom substrate interface. Their approach is based on a careful analysis of the Helmholtz equation and boundary conditions. However, this approach has the usual shortcoming of obscuring the features and behavior that may lead to more insightful or intuitive understanding of the system. In addition, the approach taken there has necessitated a number of approximations, which apparently has limited its validity to one of the two possible domains, namely crossing (or weak coupling) domain of dispersion curves. Another drawback of the theory is evident in the assumption of lossless light propagation in the substrate and total reflection from the lower substrate boundary, which would result in an infinitely large gain modulation amplitude.
Comprehensive numerical analysis of mode coupling in semiconductor lasers with transparent substrate is made in [5] . The entire laser structure, including the substrate, is treated as a multimode waveguide and the complex propagation constants of the modes are calculated. The authors investigated the laser mode gain spectra for cladding layers and substrates of varying thickness while using wavelength independent material parameters (including the active layer material gain) for the laser layers.
Recent observations of room-temperature InGaN-GaN-AlGaN multi-quantum-well (MQW) lasers with a substrate that is transparent to the emitted light showed similar modulation patterns to the ones observed here [6] . Although the authors stated that they have not found a proper explanation for the measured spectra modulation, we believe the modulation is caused by the same type of feedback mechanism with a modulation period of about a factor of 6-8 less than those reported here. This reduction in period can be attributed to the laser's operation in the 405-410-nm range and that the modulation period has a quadratic wavelength dependence [4] . These observations imply a broader applicability of the analysis presented here to a similar phenomenon in other laser types.
In this paper, we use a numerical approach analogous to that of [5] to calculate the modal gain. We take into account the spectral dependence of material parameters and calculate not only the gain spectrum but also the spontaneous emission spectrum. The gain modulation was found to depend not only on the thickness and refractive index of the layers but also on the waveguide gain/loss difference between the laser waveguide layer and the substrate. We extended our model to analyze side spontaneous emission by considering light emission in the pumped portion of the waveguide, its propagation along the highly lossy unpumped laser waveguide and coupling to the substrate.
In order to gain insight into and clarify the results of the numerical modeling, we develop a phenomenological analytical approach based on coupled mode theory. The coupling constant used in this approach is determined by a well-established numerical formulation. Nevertheless, the phenomenological approach provides a general and clear description of the coupling induced modal gain modulation.
The gain spectrum modulation period is determined by phase matching between the high gain laser waveguide and substrate waveguide with losses. An analogous loss spectrum modulation takes place for the case of the side waveguide laterally adjacent to the laser ridge. This model relates the gain/loss modulation to the waveguide parameters and can thereby facilitate future design efforts taking advantage of these phenomena.
II. EXPERIMENTAL RESULTS
The lasers under investigation were fabricated by metalorganic chemical vapor deposition. The details of the laser structure are listed in Table I and the schematic view of the laser is shown in Fig. 1 . Front and rear laser facets were coated to receive 10% and 90% reflectivity, respectively. The lasers were mounted "p-side up," so an increase in the laser temperature is expected with an increase of pumping current even with a stabilized heat sink temperature. On the other hand, it allowed us to easily collect the spontaneously emitted light both from the front facet and from the side facet by using a tapered fiber. As will be shown in the calculations, the spectral modulation of the laser waveguide emission originates in the coupling between the laser waveguide and the transparent substrate. For this reason, if the light collection is not sufficiently focused on the laser waveguide, light coupled to the substrate will also be observed in the spectra and the spectral modulation will be significantly reduced. Spectra taken with the fiber was discriminating enough to clearly show the modulation phenomenon in the laser waveguide emission (which is relevant to laser applications).
The fiber tip was mounted on a two-dimensional piezoelectric moving stage of submicrometer precision with a high precision nanomover along the remaining longitudinal direction. The spectra were recorded by means of an optical spectrum analyzer HP70951A. The same technique was successfully used previously for longitudinal carrier density profiling in semiconductor lasers via spectral analysis of side spontaneous emission [7] .
Several steps were taken to ensure that the spectral modulation obtained was truly characteristic of the laser waveguide emission. 1 White light emission from a halogen lamp was coupled into the fiber and showed no spectral modulation in the wavelength range of our laser observations. The distance between the fiber tip and the facet was varied over the range of 1 cm to ensure that the modulation phenomenon did not result from external cavities in the setup. Both cleaved and tapered fibers were used to observe the spectral modulation in the laser emission to preclude modulation from the fiber tip structure. The modulation was observed consistently for several lasers with the same structure as described above.
Typical features of the front facet spontaneous emission are shown in Fig. 2 (a) and (b) for light emission collected by tapered and cleaved fibers at several fiber tip-facet displacements. Clearly resolved Fabry-Perot oscillations corresponding to the resonator length are modulated by an envelope periodic function with a period of about 2 nm. The slow modulation amplitude was found to increase as the pumping current approaches threshold. There is also a baseline envelope of the same period. It is important to note that the spectrum analyzer resolution (0.1 nm) was half the period of the Fabry-Perot oscillations. This is probably the cause of the observed baseline envelope, as is accounted for and shown in the modeling.
Side facet spontaneous emission spectra were recorded at pumping currents below and above the threshold current [an example of the spectrum is shown in Fig. 2(c) ]. These side spectra contain fast oscillations with a period corresponding to the lateral width of the laser structure and slow modulation of approximately 2 nm analogous to those of the front emission spectra. We studied lasers with different cleaving distances between the laser stripe and the side facet and found that the magnitude of the slow modulation relative to the background increases as this distance increases, but not the period.
The spontaneous emission spectra were investigated at different heatsink temperatures, in CW and pulse regimes with duty cycles from 20% to 80%. The spectral positions of maximums and minimums of the slow modulation were found to be independent of the temperature and current change while the positions of Fabry-Perot oscillations and general spectrum envelope were temperature-and current-dependent. This observation offers the opportunity for laser output wavelength stabilization and emphasizes the importance of accurate modeling of the phenomenon.
III. THEORY

A. Modal Gain in Coupled Waveguides: Simulation by the Transfer Matrix Method
The observed slow modulation in spontaneous emission spectra implies an additional feedback mechanism in the laser. Looking for this mechanism, we analyzed the typical structure of the 980-nm fiber pump laser. Such a laser contains a QW InGaAs as an active region waveguide layer made of GaAs, GRIN AlGaAs or GRIN InGaAsP, cladding layers of AlGaAs or InGaP, and a GaAs substrate. It is a peculiarity of lasers emitting in the wavelength region of 980 nm that they have a substrate transparent to the emission wavelength with a refractive index just above the effective refractive index of the laser waveguide. So, the substrate itself is a very thick waveguide which can be coupled to the laser waveguide due to light tunneling through the cladding layer.
The modal gain and the modal index of the entire multilayer waveguide structure, including the substrate, were calculated by means of a transfer matrix method. The modeling scheme is presented in Fig. 3 . We used the layer parameters listed in Table I . The QW material gain and the spontaneous emission spectrum of the QW itself were calculated by the *Material gain spectrum in QW layer was calculated by the algorithm described in [6] . **Refractive index of Al x Ga 10x As was calculated by the Sellmeier formula: approach described in [8] and are illustrated in Fig. 4 . Energy band parameters used in the modeling are shown in Table  II . From these, the modal gain spectrum was obtained (as shown in Fig. 5) . Fig. 5 also shows the modal gain with an infinitely thick cladding layer to illustrate the influence of the substrate upon the noncoupled modal gain. The laser spontaneous emission spectra from the front and side facets were calculated using the formulae given in Section III-C of this paper. The modal gain spectrum modulation with a period of approximately 2 nm and modulation depth of 0.5 1 cm results in a strong modulation of spontaneous emission spectra from the front facet at a current just below threshold.
Our model is based on a one-dimensional (1-D) analysis. To account for the lateral divergence of the radiation which tunnels into the substrate, an additional absorption factor is included in the substrate layer.
In modeling the side emission spectra, we assumed that spontaneous light is emitted in the region under the laser stripe and that it propagates through the unpumped portion of the waveguide. Light in the unpumped region of the QW layer experiences high optical losses. The modal loss spectrum is also wavelength modulated due to coupling between this portion of the waveguide and the substrate (Fig. 5) . The loss modulation results in a corresponding side facet emission spectra modulation. It is worth while noting that to achieve a large modulation of the side emission spectrum the modal loss modulation should be much larger than the value of the modal gain modulation. The reason for such a difference in spontaneous emission from the front and side facet will become clear with the analysis of a Fabry-Perot resonator with parts of gain and loss. Actually, away from the laser ridge the waveguide coupling with the substrate is stronger because the thinner top cladding layer pushes the waveguide mode down. To achieve reasonable modulation, we modeled the effective thickness of the top cladding layer (accounting for the effect passivation layer) as being 0.2 m.
The calculated mode dispersion curves of the waveguide are shown in Fig. 6 . The array of nearly parallel curves with greater negative slope corresponds to modes localized mostly in the substrate while the curves of smaller negative slope belong to the laser waveguide. The case of an unpumped QW is shown here because it illustrates well the influence of loss on mode coupling. When modal loss (gain) is small in comparison with the coupling constant (for wavelengths 0.973 m as in Fig. 6) , we see the well-known anticrossing behavior. The anticrossing effect is absent when loss (gain) in coupled waveguides is larger than the coupling constant. With this figure, it is easy to see a correlation between the modal loss spectrum and the dispersion curves. When the effective index of the laser waveguide equals that of the substrate waveguide, the coupling between the two waveguides leads to reduced modal losses. In the case of net gain in the laser waveguide, the coupling results in gain suppression in the laser waveguide at resonance wavelengths.
In principle, the results of this model suffice to explain the observed phenomenon. Nevertheless, the numerical analysis itself does not offer direct insight into the physics of the spontaneous emission spectra modulation and its dependence on the structural parameters. Therefore, in addition to accurate numerical modeling we take an analytical approach.
B. Coupled Mode Theory for Waveguides with a Gain
In accordance with a standard coupled mode approach, let us consider an electromagnetic field of the laser waveguide mode and one of the substrate modes which is close to resonance with the laser mode in the form (1) (2) If we denote the mode emission direction as the axis, the mode field distributions depend only on coordinate and are uniform along the other transverse direction . The coupled mode equations for slowly varying amplitudes and are
They allow us to construct supermodes with a propagation constant
Now we will take into account the specificity of the waveguides under consideration. The laser waveguide itself typically has a gain of the order of tens of inverse centimeters. The substrate waveguide has a loss of up to ten inverse centimeters due to bulk and bulk-metal interface absorption. The coupling constant is typically much less than the difference of the imaginary parts of propagation constants because lasers are normally designed to have strong transverse confinement to the gain cavity. So under the condition (7) we receive from (5) the propagation constants of the normal cavity mode and substrate-like mode, respectively:
Further simplification to (8) seems to be possible under an additional reasonable assumption (10) and linearization of dispersion curves in the vicinity of wavelength corresponding to phase-matching condition
Substituting (11) and (12) into (8), we receive (13) Separating (13) into real and imaginary parts and taking (10) into account, we finally obtain the effective modal index and the gain :
or in terms of loss and gain (16) As the substrate supports a large number of modes, each of which is in resonance with the laser mode at some wavelength , their contribution to modal gain suppression can be expressed as (17) where we suppose that the terms and in (17) are independent of within the small range of each Lorentzian width.
From (16) or (17), one can clearly see the origin of the additional feedback implied in the experimental data: mode coupling between the laser waveguide and substrate produces additional losses. The spectral form of the loss is a sum of Lorentzians located at resonance points . Their spectral width at half of a maximum depends only on loss in the substrate waveguide, gain in the laser waveguide, and the slope difference between the dispersion curves:
The peak value of each Lorentzian is determined by the coupling constant, loss in the substrate, and gain in the laser waveguide (19) In the case of the laser waveguide being lossy with higher than the loss in substrate , (17) remains true while (7) is satisfied. In this case, the coupling leads to an additional transparency for the laser-like supermode at phasematching wavelengths.
Equation (17) is in excellent correspondence with the numerical data obtained by the transfer matrix method shown in Fig. 5 , and this correspondence can be considered as an additional justification to the assumptions made to derive the analytical expressions for modal gain.
The coupling constant used in the phenomenological description above is determined by the overlap between the mode profiles. For example, the parameter in the case of TE-TE coupling is equal to (20) where is an actual index profile of the entire waveguide and is the index profile of the substrate waveguide with an infinitely thick cladding layer [9] . Analytical calculation of the coupling constant is possible for simplified waveguide structures. Thus, useful formulas for coupling between nonidentical slab waveguides may be found, for example, in [10] . In the case of a rather complicated structure like a GRIN laser waveguide, numerical methods are required. A rigorous numerical procedure, as is presented in Section III-A, is desirable for quantitative analysis, while the phenomenological approach is useful to understand main relationships determining the phenomena.
As long as the modulations in the gain and spontaneous emission spectra are related to the phase-matching conditions, the period of the spectral modulations may be easily calculated in terms of the waveguide propagation constants and their spectral dispersion [4] .
A simple estimation may be made for the dispersions of the laser waveguide and the substrate waveguide that gives both the widths of the Lorentzians for the modal losses and the period of slow modulation.
Let us consider a simplified index profile of the laser waveguide that consists of a single layer of index and thickness embedded between semi-infinite cladding layers of index . The effective index of the waveguide is determined by the relation (21) Typically for a semiconductor laser waveguide, we may assume (22) so the dispersion relation (21) may be substantially simplified to (23) Thus, for the derivative of effective index over wavelength, we have (24) Using typical values for a semiconductor laser, it can be shown that . This means that under the assumption (22) the waveguide mode is localized mostly in cladding layers, therefore, details of the actual waveguide structure are not essential to the dispersion relation.
An analogous analysis can be made for the substrate waveguide. A simplified structure with a layer of thickness and refractive index confined by an ideal metal from below and a cladding medium of index from above facilitate a dispersion relation of the form (25) where is a mode number, typically in the hundreds . For analysis of coupling, we are interested only in modes with an effective index close to that of the laser mode. It allows us to use an inequality analogous to (22) (26) (27) (28) The dispersion of the substrate's modal refractive index contains a term equal to the material dispersion of the substrate and a waveguide dispersion term that is independent of the layer thickness and the mode number provided that (26) is satisfied. The effective index difference for adjacent modes according to (27) is equal to . This allows us to find the period of modulation (29) So, the period of the gain modulation is roughly determined by the indices of the substrate and cladding layer , their dispersion relations, the substrate thickness and the wavelength .
To obtain (29) we used (23), (24), (27), and (28) for waveguide effective index dispersion. The accuracy of the estimated period is of the order of the left side of (22) and (26).
C. Spontaneous Emission Spectrum of the Semiconductor Laser
Let us consider a Fabry-Perot laser resonator with mirror reflection coefficients and . As shown in Fig. 1 , let us assume regions of length and adjacent to the ridge have optical loss and the region of width has a gain coefficient . Let us further assume that the refractive indices of the lossy and gain regions, and , are sufficiently close to prevent light reflection between different parts of the resonator. The chosen configuration of the laser resonator will allow us to consider spontaneous emission either from the front facet or from the side facet by just exchanging the axes and . In the case of front emission, and should be the cavity length. In the case of side emission, we will use the laser ridge width as a parameter and the parameters and will be equal to distances from the laser stripe to the side facets.
As aforementioned, a laser structure containing a thick substrate waveguide supports many supermodes. We will only consider the supermode most localized in the laser waveguide. To observe spontaneous emission, the gain is below the threshold gain needed for lasing, thus (30) If each infinitely thin slice of the pumped region of total length emits light spontaneously with spectral density and the efficiency of spontaneously emitted light coupling into the mode under consideration is , total radiation from the first facet will be equal to (31) Equation (31) is obtained by calculating the output light intensity produced by each slice inside the Fabry-Perot resonator and subsequent integration along the active region of the length . In the equation, is the average refractive index of the resonator medium , where is a total resonator length:
. This is allowed by the assumption laid out at the start of this section. In the case of front facet emission, i.e., at , the obtained expression for the spontaneous emission spectrum coincide with the analogous one given in [11] .
In (31), the term (32) is responsible for the fast oscillation in the spontaneous emission spectrum with wavelength period corresponding to longitudinal modes of the resonator. Its analysis leads to a Hakki-Paoli formula [12] for determination of a gain spectrum from spontaneous emission spectrum If the longitudinal mode separation is small by comparison to the spectrometer's spectral resolution, the measured intensity will be proportional to the averaged function
Then, instead of (31), the emission spectrum will be equal to an averaged one (36)
The spontaneous emission spectrum of the active medium was calculated by the same approach as used for the calculation of material gain . To calculate the optical losses in the unpumped side regions of the laser structure, we found the material loss by determining the negative gain as the carrier density approaching zero (37) and then we used the transform matrix algorithm to find the modal loss.
As we have seen in the previous section, the modal gain spectrum may be modulated with a spectral period much larger than longitudinal mode separation but still less than the gain's spectral width for typical laser parameters. This leads to subsequent superimposed modulation of emission spectra.
Finally, to make the comparison with experimental results easier, the emission spectra calculated by the above algorithm were subjected to numerical convolution with a Gaussian function of width 0.1 nm corresponding to spectral resolution of the spectrometer (38)
The modeled spectra are presented in Fig. 7(a) and (b). They were obtained without parameter fine-tuning except for the top cladding layer thickness beyond the laser stripe which was taken to be 0.2 m. This change was made to obtain clearly visible modulation of the side emission spectra. The measured front facet emission spectral modulation appears stronger than the modeled one. This may be caused by the plasma-induced negative index change in the pumped waveguide. Such change leads to widening of the laser mode and stronger coupling.
Temperature change is easily incorporated in the above theoretical approach. Increase in temperature was found to result in: 1) a red shift in the QW material gain profile; 2) an increase in refractive index of the laser layers and consequently a red shift in the fast Fabry-Perot oscillations of the spontaneous emission spectrum; and 3) a shift up of all of the dispersion curves (Fig. 6 ) but the intersection locations of the dispersion curves remaining practically unshifted. Thus, the spectral positions of the modulation peaks in spontaneous emission spectra for given laser structure are stable. This is in agreement with the experimental observations and suggests an opportunity for lasing wavelength selection and stabilization.
IV. CONCLUSION
We have presented experimental findings and a detailed theory of periodical modulations in spontaneous emission spectra of 980-nm semiconductor lasers. Both an elaborate numerical approach and analytical expressions suitable for simple estimations are presented. We showed that the investi- gated phenomenon is an intrinsic property of 980-nm lasers and should be taken into account in designing them. We attributed the modulation to an additional feedback mechanism that originates from the coupling between the intentionally designed laser cavity and the parasitic substrate waveguide. We find that the coupling involves primarily the very high order substrate modes that are nearly phase matched to the laser guide mode. These high-order modes are in resonance with the lasing mode at nearly equally spaced wavelengths (2 3-nm spacing for a typical structure). The resonance frequencies are insensitive to temperature or current changes for both the substrate waveguide and the laser guide change in the same way when these parameters are varied. All these key features are in good agreement with the experimental observations.
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